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Abstract 
  
Biomass burning organic aerosol (BBOA), organic aerosol that derived from burning of 
biomass fuels, has been a major research focus because of its special role in the global budget of 
atmospheric chemistry and radiative forcing. Due to its chemical complexity, there are gaps in 
our knowledge about the chemical aging processes of BBOA in the atmosphere. Since many 
photochemical aging experiments on BBOA are usually conducted for only a few hours, less is 
known about the photo-aging pathways of the system over an extended timescale. This study 
presents the analyses of three BBOA filter samples derived from three types of fuels that were 
photolytically aged over a timeframe of up to ~3.5 days. Attenuated Total Reflectance-Fourier 
Transform Infrared Spectroscopy (ATR-FTIR) and Offline-Aerosol Mass Spectrometry (Offline-
AMS) were used to measure the chemical changes in the aqueous sample extracts and evaluate 
how those changes can relate to their specific fuel type. This study finds an overall increase in 
oxidation states and decrease in the nitro group (NO2) compounds in the samples. The level of 
levoglucosan, a tracer organic species of BBOA, is also observed to decrease in the sample 
mixture due to photolysis alone for the first time. Several unique chemical characteristics were 
observed for each sample, which possibly relate to their individual fuel type. In order to further 
support those observations and obtain a full picture of the chemical compositions of the samples, 
future studies will focus on examining the acetonitrile extracts of our samples, investigating the 
corresponding on-line AMS data set, and applying more analytical methods to the sample 
extracts. 
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Introduction 
 
Biomass burning (BB) refers to the combustion of living or dead vegetation, including 
grassland, forest, agricultural waste, and fuel wood. It can be natural (such as wildfires) or 
anthropogenic (such as agricultural fires and prescribed burns). Emissions from BB play an 
important role in the budget of species in atmospheric chemistry. Burning biomass materials tend 
to release extensive varieties of gaseous products, such as greenhouse gases (CO2, CH4, etc.), 
organic aerosols (OA), inorganic elements, black carbon (BC, also known as soot) and 
particulate matter (PM). Such emissions have major impacts on regional and global air quality, 
biogeochemical cycles, and Earth’s radiative budget.1 
 
One of the largest uncertainties in estimates of radiative forcing comes from the climate 
impacts of atmospheric organic aerosols. Organic compounds make up a substantial fraction of 
atmospheric particulate matter, and account for 20–90% of aerosol mass in the lower 
troposphere.2 Biomass burning is a major source for OA particles, but they are also directly 
emitted from fossil fuel combustion, terrestrial vegetation, and ocean bubble bursting (sea spray), 
etc.3 The particles can also be formed in the atmosphere through further chemical transformation 
of primary organic species (organics that are directly emitted from its source).2 The size, 
concentration, and composition of OA particles has been a major area of research due to their 
impact on climate, but also on human health and on air quality.4  
 
The complexity of OA system presents major challenges when trying to characterize and 
model the chemical and physical properties of those particles. Atmospheric organic aerosol is a 
complex mixture of hundreds to thousands of different organic compounds, many of which have 
not yet been identified.5 Moreover, the large varieties of chemical transformations that can 
happen to OA in atmosphere further complicate the characterization process. As primary organic 
aerosols (POA) age in the atmosphere, the volatile and semi-volatile organic compounds (VOCs 
and SVOCs) in POA form less volatile organic species, which will continue to age during their 
atmospheric lifetimes until they are removed from the atmosphere. Secondary organic aerosol 
(SOA) is formed directly in the atmosphere when VOCs are oxidized and either nucleate to form 
to particles or condense onto pre-existing particles (POA or salts like ammonium sulfate).2 Many 
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atmospheric aging pathways have been identified that transform OA throughout its time in the 
atmosphere, changing the chemical and physical properties. Examples include heterogeneous 
oxidation, reactions between particle-phase OA and gas-phase oxidants (e.g. ozone O3, hydroxyl 
radical ×OH) that can lead to an increase in the oxidation state of OA;6 aqueous-phase oxidation, 
reactions between aqueous OA and dissolved oxidants, which mostly happen in cloud water 
droplets;7 and photolysis, reactions induced by solar irradiation that involve absorption of 
photons by molecules in the aerosol particles, which can lead to chemical changes such as 
oxidation, fragmentation, and oligomerization.8  
 
The climate effects of biomass burning organic aerosols (BBOA), organic aerosol 
particles from biomass burning emissions, are particularly challenging to model, since biomass 
smoke plumes are composed of both directly emitted aerosol particles (primary particles) and 
particles that are formed from organics that have condensed as the plume cooled and aged in the 
atmosphere (secondary particles).9 All of these particles will then continue to age as they 
transport in atmosphere, changing their chemical, physical, and thereby climate-relevant 
properties. Studies have shown that when photochemically aged, primary BBOA transforms a 
significant amount, with an increase in oxidation state and major changes in properties such as 
the absorptivity, volatility, water solubility, and hygroscopicity of the aerosol particles.10–13 
 
Due to their important role in planetary radiative balance and atmospheric chemistry, 
BBOA have been of great interests to atmospheric scientists and chemists.14 BBOA serve as a 
major source of atmospheric brown carbon (BrC), which is the fraction of OA that can absorb 
solar radiation in the ultraviolet (UV) and near-visible wavelength range. With positive radiative 
forcing, BrC can potentially have a major warming effect on global climate.15 In addition, since 
UV radiation is important to photochemistry, BrC may also have an impact on general 
atmospheric chemical processes.14 Moreover, the hygroscopic properties of BBOA make these 
aerosols an important source of cloud condensation nuclei (CCN). They have the potential to 
initiate formation of cloud droplets, and therefore impact cloud properties and climate.12  
 
It is crucial to understand not only the general properties of these particles, but also how 
they evolve and transform in the atmosphere. Primary aerosol emission alone does not determine 
 3                                                                                                                                                                        
 
the impact of BBOA, since they can be transported over prolonged distance and undergo 
significant changes in their properties.10 As discussed above, much of the transport and 
transformation of BBOA remains understudied due to the complex chemical and physical 
processes involved. Also, since many aging experiments on BBOA are usually conducted over 
only several hours,11,16 less is known about the aging pathways of the system up to the timescale 
of a few days, which is the general atmospheric lifetime of OA. Moreover, the properties of 
primary BBOA from different burns varies, and can be affected by a wide variety of factors, such 
as fuel and combustion conditions. These factors are also believed to influence the subsequent 
transport and chemical evolution of these BBOA species in the atmosphere.9 Therefore, 
understanding the relationship between different burning conditions and the variability in the 
properties of BB emission is important to better account for both primary and subsequent 
impacts of BBOA. 
 
In order to tackle many critical unknowns about BB emission, the National Oceanic and 
Atmospheric Administration (NOAA) initiated the multiyear campaign Fire Influence on 
Regional and Global Environments Experiment (FIREX).9 The campaign aims at incorporating 
existing or new analytical technologies, laboratory and field studies to understand and predict the 
impact of North American fires on local and global atmosphere. The first phase of the campaign 
took place at the US Forest Service Fire Sciences Laboratory (FSL) in Missoula, Montana, in the 
fall of 2016.15 One of the main objectives for this phase was to investigate laboratory fires from 
various kinds of biomass fuels under controlled burning environments. Researchers simulated 
wildfires applying real-world biomass fuels and burning conditions in a combustion chamber. 
Fuels burned were characteristic of the western US, including Engelmann spruce, lodgepole 
pine, chamise, Douglas fir, sagebrush, etc.10 Generated BB particles were both analyzed in real 
time by online instruments, as well as sampled and collected on Teflon filters for later off-line 
analysis. These samples are ideal for investigating how variations in fuel and burning conditions 
influence the properties of BB particles, and our group received some of those sample filters for 
this study. 
 
There have been many studies conducted and published based on the data collected 
during this first phase experiment. In one recently published study, McClure et al (2020)17 
 4                                                                                                                                                                        
 
evaluated the relationship between various properties of primary BB particles and their 
[OA]/[BC] ratio, which is a parameter related to the type of fuel used in a burn. The authors 
classified different fuel types into different classes based on the [OA]/[BC] ratio range. They 
found that many optical properties of the particles depend on their [OA]/[BC] ratio. In addition, 
the OA volatility and organonitrogen fraction of OA, which may contribute to BrC absorption, 
also correlate with [OA]/[BC]. The authors also found that partitioning individual burns into 
different particles classes helped facilitate the interpretation of the photochemical evolution of 
the particles as they were aged in a chamber over a short timescale (~1 hour).  
 
In this study, we aim to investigate the chemical changes of BBOA during photolysis 
over extended timescales, and compare how particles derived from different fuel classes, based 
on the publication of McClure et al., respond differently to photo-aging. We are carrying out the 
same type of filter photolysis as previously published by our group,18 now applied to BBOA 
filter samples collected during the FIREX 2016 campaign. The BBOA samples were photolyzed 
for various amount of time up to ~4 days in a home-built photolysis box without introducing 
extra oxidants. Techniques used to characterize the samples include Attenuated Total 
Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) and offline-Aerosol Mass 
Spectrometry (Offline-AMS). Differences in chemical composition and photochemical changes 
of BBOA are then compared across samples from different particle classes. 
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Methodology 
 
Sample Photolysis 
 
All BBOA filter samples were received from our collaborators from the FIREX 2016 
campaign. These BBOA samples had been collected on Teflon filters. After collection, the filters 
were folded in half to protect the deposited material, sealed in an aluminum foil wrap, and stored 
in a freezer at -80 °C at MIT, and then at -20 °C in our freezer until photolysis experiments were 
conducted. Prior to photolysis, filters were removed from the freezer and thawed for ~10 min. 
Filters were then unfolded and cut into four pieces with approximately equal size.  
 
                                           
 The preparation of the aging experiments was similar to what has been reported in a 
previous publication of our group18. Photolysis experiments were carried out in a custom-built 
photolysis box. The box was made from an airtight, polycarbonate box (electrical enclosure, 
McMaster-Carr) with a hinged door, O-ring seal, and plastic lid. The dimensions of the box were 
16.5 ´ 16.5 ´ 10 cm. The center of the plastic lid was removed (10 ´ 9.5 cm) and replaced with a 
0.001-inch PTFE film held in place with Kapton tape. Several ventholes were drilled on the sides 
of the box and connected with Swagelok tube fitting to allow zero air (air that has had 
hydrocarbons removed through oxidative catalysis, generated from Environics Series 7000) to 
flow through at 1 L min-1. The inside of the box was lined with aluminum foil. The box was then 
placed vertically 11 cm in front of a mercury xenon arc lamp (Newport model 66902 lamp power 
50−500 W). The lamp used a recirculating water filter to remove long wavelength IR light, and a 
299 nm long-pass filter (Newport model: FSQ-WG295) to remove short wavelength UV light. 
 
Figure 1. A typical FIREX BBOA filter sample 
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This produces a spectrum that is similar to the solar spectrum in the troposphere with the 299 nm 
filter mimicking the removal due to the ozone layer. 
 
The filter pieces were pinned with cleaned stickpins onto a Petri dish wrapped with 
aluminum foil (a thin foam layer was sealed behind the aluminum foil), and mounted vertically 
to the back of the box with a magnet. Three filter pieces were first loaded into the box and 
exposed to the lamp at room temperature, while one was put in a Petri dish and kept in a dark 
chamber, which is made from a similar plastic box covered with aluminum foil to block ambient 
light. The dark chamber was connected to the photolysis chamber and the zero air generator 
through flow tubes and thus both boxes were continuously flushed at the same flow rate. The 
three filter pieces were irradiated for 0.5, 1.5, and 3.5 days. The box was opened briefly to 
remove each filer piece when time was up. When photolysis was complete for a piece, it was 
then placed in another cleaned Petri dish and kept in the same dark chamber. In this way, all 
filter pieces were exposed to the same amount of evaporation time. After the experiment was 
over, all Petri dishes containing dark and photolyzed filter pieces was then closed, sealed with 
Teflon tape, and kept in the freezer until further analysis. 
 
We used a UV/vis detector (Ocean Optics, USB4000) to measure the emission spectrum 
and lamp irradiance at the filter positions (Figure 3). We thereby estimated that 3 h in our 
photolysis chamber is approximately 1 h outdoor solar irradiation level used in Hodzic et al. (40° 
N, 45° solar zenith angle).8 
 
 
 
Figure 2. Experimental setting for filter photolysis. Photolysis chamber 
in front of the xenon-arc lamp. 
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ATR-FTIR Spectroscopy 
 
After the photolysis, a small slice of each filter piece was cut off for FTIR analysis. 
Infrared spectra were collected by a Shimadzu IR Tracer-100 MIRacle 10 with a diamond crystal 
ATR probe. Spectra were acquired in the wavenumber range of 600 to 4000 cm-1; 45 scans were 
averaged per sample; and Happ-Genzel apodization was applied. For each measurement, an air 
background was collected, and then each filter slice was pressed onto the ATR crystal. The 
resulting spectra would contain peaks from both sample material and Teflon filter. The Teflon 
peaks dominate the fingerprint region (wavenumber region lower than 1500 cm-1) and cover 
most of the BBOA peaks in that region. 
 
We also tried to take IR spectra without Teflon peaks for each filter piece. Each filter 
piece was pressed hard onto the ATR crystal in order to stick some sample material on the 
crystal. The Teflon filter was then removed, and IR measurement is made on the sample left on 
the crystal. Ideally, we would then be able to see the BBOA peaks in the fingerprint region. 
However, for samples with high viscosity or stickiness, a small amount of Teflon would often 
stick on the crystal, giving an IR signal that still covered others’ in the fingerprint region. For 
samples with low viscosity/stickiness, we often failed to get enough material to stay on the 
 
Figure 3. Photon flux (left axis) for the mercury xenon arc lamp (blue) and ambient solar 
(gold) irradiation as a function of wavelength.  
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crystal and the resulting IR signal was too low to analyze. Given those uncertainties, our analysis 
will focus more on the IR spectra taken with Teflon filter in the wavenumber region above 
~1350 cm-1. The obtained IR data is analyzed using Microsoft Excel program and Igor Pro. 
 
Offline-AMS 
 
The remaining photolyzed and dark filters were then extracted for mass spectrometric 
analysis. Each filter piece was cut into small pieces and placed in a 20 mL pre-cleaned 
scintillation vial. Approximately 2 mL Milli-Q water (ultrapure water, generated by Millipore 
Sigma system) was added, and then the vial was agitated for ~30 min. The extraction solution 
was transferred to a smaller vial (~5 mL) and dried completely under a slow stream of ultrapure 
N2. After the aqueous extraction, we also extracted the same filter with acetonitrile. For the 
acetonitrile (ACN) extraction, ~2 mL ACN was added to the 20mL vial. The vial was again 
agitated for ~20 min. Then the same process was repeated to transfer and dry the ACN extracts 
of the sample. The aqueous extract of the sample was reconstituted using 100 μL of Milli-Q 
water, which was gently swirled around the vial to maximize the concentration of sample in the 
solution. 20 μL of this extract was placed into a ∼1 mL pre-cleaned amber glass vial and frozen, 
awaiting mass spectrometry experiments. 
 
An Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) 
was used for mass spectrometric analysis to measure the composition and elemental ratio of 
organics in the aqueous extracts. The AMS used is located at MIT and NASA Langley Research 
Center, and samples were stored on ice during transport from William & Mary. The mass 
spectrometer used in this instrument is an electron ionization (EI) high-resolution time-of-flight 
mass spectrometer (HTOF-MS, Tofwerk AG), and has a mass resolution of 2000 − 3000 m/Δm. 
For quantification purpose, isotopically labeled ammonium nitrate (NH4 15NO3) was used as 
internal standard. For calibration, mannitol (C6H14O6) was used as the organic calibrant. A small-
volume nebulizer (SVN) was used to nebulize the sample and internal standard solutions into the 
AMS.19 The two solutions were combined in a syringe by loading the internal standard solution 
(0.5 g/L) and the sample solution at a volume ratio of 1:3 into the syringe with a total volume of 
~5 μL. The mixture was then placed onto the Kapton film in the SVN for nebulization into the 
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AMS. No prior separation is performed on the sample mixture. (no chromatography). Zero air 
was used as a carrier gas. Two to three replicate injections were performed for each sample, and 
the average mass spectrum across the multiple injections was used for analysis.  
 
As the sample mixture get injected into the instrument, AMS mass spectra are formed 
from the non-recalcitrant OA material that volatilizes off the 600 °C thermal vaporization heater 
next to the ionization filament (Figure 4). Therefore, the AMS spectra will have characteristics of 
pyrolysis and electron ionization. These mass spectra tend to have more intensity in the lower 
mass ions (less than ~ m/z 50) due to fragmentation during pyrolysis before EI fragmentation. 
Electron ionization (EI) is an ionization method in which energetic electrons (70 eV) interact 
with gas phase atoms or molecules to produce ions. This process deposits excess energy into the 
molecules and will lead to fragmentation of the sample compounds. Such fragmentation is 
usually reproducible and characteristic of the compounds, which produce fragment patterns that 
correlate with chemical structure of the compounds and can be helpful for structure 
determination. Thus, by identifying the ion species presented in the spectra, we are able to make 
some speculations about the identities of the compounds in the OA mixture. 
The obtained AMS data were analyzed using Igor software packages SQUIRREL 
(v1.63B) and PIKA (v1.22A), which is available at http://cires1.colorado.edu/jimenez-
group/ToFAMSResources/ToFSoftware/. 
 
Figure 4. The schematic of a HR-ToF-AMS instrument. Picture from: 
http://www.cas.manchester.ac.uk/restools/instruments/aerosol/ams/schematic/index.html 
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Results and Discussion 
 
BBOA particle classes 
 
 We partitioned our BBOA samples into different classes based on their fuel types 
following the classification of McClure et al (Table 1)17. Here, we present the analyses for three 
sets of BBOA data, each of which derived from a) chaparral (chamise), a class 1 particle, b) 
Engelmann spruce, a class 4 particle, and c) dung, a class 6 particle.  
 
FTIR analysis 
 
 FTIR spectra for each sample is presented in Figure 5 following the timeline of 
photolysis. Peak assignments for selected spectral regions are given in Table 2. Analyzing IR 
spectra provides us general information about the changes in functional groups due to photolysis 
of our samples. We observe the following common spectral changes for all samples:  
 
1) O-H stretches at ~3100 to 3600 cm-1, contributed mostly by absorption from alcohol (-
OH) and carboxylic acid (-COOH) groups, show a broadening trend at varied levels, which 
probably indicates the formation of the two groups of chemicals. 2) The aliphatic C-H 
absorptions at ~2920 and 2851cm-1 show a decreasing trend. The chemical reason for this trend 
is still unclear. One possible explanation is that the increase of other functional groups leads to a 
decrease in the relative abundance and therefore absorption of the C-H groups.20 Another 
explanation is that the less oxidized molecules (the ones with more C-H groups) may be of 
higher volatility and thus may be lost preferentially with time by evaporation as zero air flushed 
through the chamber. 3) The absorption of carbonyl (C=O) groups shows a sharp increase. It is 
Table 1. Table from McClure et al. (2020). Classification of BBOA particles based 
on fuel types, single scatter albedo (SSA), and [OA]/[BC] ratio. 
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also notable that the peak initially absorbs at ~1700 cm-1, and as the samples get irradiated, an 
absorption at ~1720 cm-1 grows and dominates. This peak shift probably indicates that a 
relatively large amount of carboxylic acids is formed during photolysis, making carboxylic C=O 
Table 2. Peak Assignments of FTIR Spectra of BBOA 
I O-H stretches 
II Aliphatic C-H stretches 
III Room CO2 
IV ~1700 cm-1, C=O stretches 
V ~1600 cm-1, multiple options, probably C=O, C=C, or nitroso (N=O) 
groups 
VI ~1515 cm-1, nitro (NO2) groups 
VII ~1360 cm-1, the other nitro group stretch, or probably sulphone (S=O) 
group stretch 
               
 
Figure 5. FTIR spectra for BBOA sample a) chaparral (chamise), b) Engelmann spruce, and c) dung, 
following the timeline of photolysis. Spectral lines become increasingly brighter with increased time of 
photolysis. Peak assignments are given in Table 2 according to the regions labeled I−VII from high to 
low wavenumbers.  
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dominate over other carbonyl groups originally in the samples, such as ketones or aldehydes. 4) 
A decreasing trend for nitro (NO2) groups at ~1515 cm-1 is also observed. This absorption is lost 
consistently within 1.5 day of photolysis, which is ~ 12 hours of ambient solar irradiation. Since 
nitro groups may serve as an important chromophore for BrC,21 its loss may suggest that some of 
the absorption in the BrC in our samples has a ambient lifetime of less than 12 hours. We still 
need support from UV-Vis spectroscopic data to draw a more grounded conclusion on that. 
Overall, from the IR spectra, we can conclude that all samples become more oxidized due to 
photolysis, indicated by the broadening of the O-H absorption and increase of the carbonyl 
absorption. 
 
 We also observe some IR trends unique for each sample. The spectra for dung (Figure 5c) 
have much broader O-H absorption and sharper C-H absorptions. These absorptions also show 
less changes than their counterparts for other samples. This phenomenon may indicate that fresh 
dung particles are composed of more hydrocarbons and less organic acids and alcohols than 
other particles. Those compounds in dung sample may also be more photo-resistant than their 
counterparts in other samples. For chaparral and Englemann spruce samples, there is an 
absorption at ~1600 cm-1. There are multiple assignments possible for this absorption, including 
C=O stretches for quinones and amide, C=N for imines, C=C of alkenes or aromatics, and 
nitroso group (N=O) stretch. Here, we postulate that it may be nitroso group for Englemann 
spruce particles, since it decreases along with the nitro group stretch. 
 
One unique peak is a sharp absorption peak at ~1360 cm-1 for the chaparral sample. 
Along with an absorption at 1115 cm-1 in the fingerprint region we observed for the sample 
(Figure 6), these two peaks are characteristic of a sulphone group stretch. However, there have 
not been previous reports of sulphonic compounds in BBOA. If these peaks do correspond to 
sulfones, this could be a very unique sample, or it could be the result of aging that occurred on 
the filter during collection or storage. More data, such as mass spectra, and further analysis will 
be needed to draw further conclusions. 
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AMS analysis 
 
Relative intensities of ion species  
 
Figure 7 shows the averaged AMS spectra of aqueous extract for each sample following 
the timeline of photolysis. By looking at the major ion species in these spectra, speculations 
about the changes in the chemical composition of the samples can be made. One noticeable ion 
in these spectra is CO2+ at m/z 44, which is contributed mostly by organic acids or esters in 
OA.22 . We observe an overall increasing trend for this ion for our samples. The peak at m/z 28 
(CO+) also increases, but this ion is calculated from the intensity of the CO2+ ion, since overlap 
with N2 increases uncertainty in quantifying CO+ from the MS peak. Other major ion species in 
the spectra include: CHO+ (m/z = 29), which has large contributions from alcohol groups in the 
sample,23 C2H3O+ (m/z = 43),  which mostly comes from oxygenated groups other than acids, 
such as ketones and aldehydes,22 and C2H4O2+ (m/z = 60), an ion fragment of levoglucosan, 
which is used as a tracer ion for BBOA.24 
 
 
Figure 6. FTIR spectrum without Teflon from chaparral (chamise) sample. Spectral region: 1800 – 600 
cm-1. Wavenumbers for selected peaks are assigned on top. 
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Figure 7. AMS spectra for BBOA sample a) chaparral (chamise), b) Engelmann spruce, and c) dung, 
following the timeline of photolysis. Spectral lines become increasingly brighter with increased time 
of photolysis. All mass spectra are normalized to a sum of 1. Assignments for selected ion peaks are 
given on top. 
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 We can investigate the time scales for the changes in those ions by looking at trends in 
their relative intensities. Figure 8 shows the changes in relative intensities of C2H4O2+ and CO2+ 
versus irradiation time. As mentioned above, we can see in Figure 8b an increasing trend for 
CO2+, which indicates formation of acids/esters in the samples. This change is supported by the 
FTIR data. Also, in the chaparral sample, CO2+ seems to reach its peak intensity on day 0.5, and 
then shows a slight decreasing trend at longer timescales. This up and down might due to the 
varying volatility and water solubility of the organic acid products formed during photolysis. 
Some products may be partially volatile and can be lost gradually through evaporation. Here, 
since we are only examining the spectra of aqueous extracts of the sample, a sudden increase in 
ion intensity may due to formation of a large fraction of water-soluble compounds. Future 
examination of the ACN extracts will give us more information about these samples. 
 
In Figure 8a, we can observe a decrease in ion intensity of C2H4O2+ at varied levels for 
each sample. Though a loss of levoglucosan ion is characteristic for many aging BBOA 
systems,16 this is a first look at this change due to photolysis alone. We also measure the kinetics 
of the photo-decay of this ion. As shown in Figure 6a, shows the change in the relative ion 
intensity of C2H4O2+ as a function of irradiation time (markers) with single exponential decays 
applied to each data set (solid lines). Figure 7a shows that there are different t values (number of 
days for the intensity of the ion to degrade by 1/e = 37%) for the three samples, possibly 
indicating that levoglucosan has varied atmospheric lifetimes under different particle mixing 
conditions and chemical environments. In addition, 20 to 30% of the C2H4O2+ signal persists 
over longer times of photolysis (the curves do not decay to zero). The decrease in the signal for 
C2H4O2+  has also been identified in other photochemical-aging experiment of BBOA where 
oxidants such as ozone or OH radicals were also present.16,24 Here, we believe that the loss is 
driven by photolysis alone, since no oxidants were added to the box. The loss of levoglucosan for 
these experiments could be due to volatilization,16 especially if the sample warms up during the 
irradiation. Another possible explanation is that other molecules that are photo-active also 
contribute to this ion. Some of the remaining signal may also be due to some formed secondary 
products that also contribute to the C2H4O2+ signal.23 
 16                                                                                                                                                                        
 
 
Other peaks in the spectra can provide insights into the presence of other elements, like 
sulfur, in the samples. Figure 7a shows that the chaparral sample has a high relative intensity of 
CH3SO2+ ion at m/z = 79 (Figure 9), while the other two samples only have negligible signal for 
this ion species. Also, there is a significant increase for this ion on day 3.5 of photolysis. The 
CH3SO2+ ion is typically regarded as a fragment of methanesulfonic acid (MSA) and tends to 
serve as a tracer for marine source OA.25 In this sample, it is more likely to be a fragment of 
other organosulfur species. The presence of this peak correlates well with the observed potential 
 
 
Figure 8. Changes in relative ion intensity as a function of irradiation time for a) C2H4O2+, and b) 
CO2+ for the samples.  
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sulphone peaks in the FTIR spectra of this sample (Figure 6). Thus, the AMS data might serve as 
a supporting evidence that there are sulphonic compounds in this sample. More organosulfur 
compounds may be formed during photolysis, and growing water solubility may bring them into 
the water extract, which lead to the significant growth on the last day. Still, we cannot rule out 
the possibility that the sample may have been contaminated during preparation and 
transportation, which leads to this sudden increase in intensity. Also, the FTIR data is from the 
full sample, and the AMS mass spectra above are from water extracts only. Future analysis of the 
acetonitrile extracts will help close this gap, if the same ion is observed to decrease in intensity in 
those samples. 
 
 
Trends in carbon oxidation state (OSc) 
 
AMS analysis can also provide information about quantitative elemental ratios (H/C, 
O/C, N/C, etc.), from which we can derive changes in many ensemble properties of the samples. 
One example is the average carbon oxidation state (OS$%%%%%). The quantity of OS$%%%%% can serve as a 
metric of the degree of oxidation of organic species, and a key quantity to describe complex 
chemical mixtures such as organic aerosol.26 Studies have demonstrated that regarding the water-
 
Figure 9. Changes in relative intensity of CH3SO2+ in chaparral (chamise) sample as a 
function of irradiation time. The other two samples only have negligible intensity for this ion 
and are therefore omitted in this graph. 
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soluble components of OA, increasing oxidation states tend to relate to a decreasing volatility.27 
The OS$%%%%% of organic aerosol necessarily increases in a oxidizing environment like the Earth’s 
atmosphere. It generally ranges from -2 to 1, depending on the level of atmospheric aging. Some 
highly oxidized species may have OS$%%%%% higher than 1.26 It can be approximated from O/C and H/C 
ratios of the aerosol mixture by calculating 2 ´ O/C - H/C.  
 
Figure 10 shows the trend for changes in OS$%%%%% of these samples. We find that the samples 
experienced varied levels of oxidation during photolysis. In general, their oxidation states 
increased by ~1 to 1.5. We also perform curve fitting on the data to evaluate the “speed” of 
oxidation for each sample. As shown in the figure, the smaller the t value (number of days for 
the OS$%%%%% to increase by 1/e = 37%), the “faster” the sample would get oxidized. The Englemann 
spruce sample shows a much slower oxidation rate than the two other samples, which may 
suggest that Englemann spruce sample still contains OA material that is able to photolyze and 
get further oxidized, while the two others may already get fully photolyzed over the 3.5 days of 
photolysis. Notice that there is a huge error in the fitting of chaparral sample, mainly due to the 
sudden increase of OS$%%%%% value on day 0.5 of photolysis, which corresponds to the growth in 
intensity of CO2+ on the same day for the sample. This increase is largely due to the increase in 
 
Figure 10. Changes in average carbon oxidation state (OS$%%%%%) as a function of irradiation time 
for the three samples.  
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the CO2+ ion. At longer times, the relative intensity of the CO2+ ion decreases, possibly due to 
subsequent reactions in the sample.  Examination of the acetonitrile extracts may enable us to 
address more about this sample. 
 
N/C ratio analysis 
 
 BBOA has been regarded as an important source of nitrogen-containing organic 
compounds (NOC) compounds into the atmosphere,28 and can have a N/C ratio of ~0.008 – 
0.018 , which is much higher than OA from other sources.23 Alkaloids, amino acids derivatives, 
and nitrated organic molecules have been identified as major components of NOC in BBOA, and 
they can affect environmental and human health in a variety of ways.28 In Figure 11, the changes 
in N/C ratio of our samples versus irradiation time are shown. No large change in the N/C ratios 
for the three samples is observed. There is a slight increasing trend for Englemann spruce and 
chaparral sample, and minimal change for the dung sample. The chemical reasons for such 
changes are still unclear. Examining the samples with ultra-high resolution mass spectrometry 
(UHR-MS), which can offer us more detailed molecular level information, may provide more 
insights. 
 
 
Figure 11. Changes in N/C ratio as a function of irradiation time for the three samples.  
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The chaparral and dung samples have uniquely high N/C ratios of ~ 0.06 to 0.08. The 
high N/C ratio in dung sample can be explained by the abundance of amino acid derivatives 
present in the material. The reason for the high ratio in the chaparral sample is unclear, and 
further analysis is necessary. One thing worth noticing is that there are underlying uncertainties 
in this nitrogen analysis due to the uncertainties in AMS peak fitting related to the nitrogen-
containing species. In our samples, this uncertainty can be induced by the confusion in the peak 
assignment of m/z = 73 peak. Notice that in Figure 7a, there is a uniquely high ion peak at m/z = 
73 in the spectrum for chaparral sample, and Figure 12 shows the peak fitting panel for this ion 
in SQUIRREL program. It looks like both the C3H5O3+ and C2H5N2O+ ion can contribute to the  
m/z = 73 peak. It is hard to differentiate and tell which one truly contributes to the ion intensity at 
 
 
 
 
 
 
Figure 12. Screen shots of peak fitting panel from SQUIRREL for ion intensity m/z 
= 73. Black dots and lines stand for digital signals, blue curve stands for fitting curve, 
and colored bars stand for the ion intensities for fitted ion species. a) only fit 
C3H5O3+, b) only fit C2H5N2O+, c) fit both the ions. 
a) 
b) 
c) 
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m/z = 73. Also, since the chaparral sample has a relatively lower amount of OA content, its AMS 
signal is much lower and noisier, which further complicates the peak fitting process. Fitting 
C2H5N2O+ ion mistakenly, possibly along with some other nitrogen species, might be one of the 
causes for the chaparral sample to have an unusual high N/C ratio. Future analysis will include 
comparing assignments here to assignments made in the peak fitting of the on-line AMS data set, 
which had much higher signal overall. The error associated with fitting nitrogen containing ions 
influences the N/C analysis, but, since these are generally low intensity ions, it does not 
contribute much uncertainty to the other elemental analysis (O/C, H/C, and carbon oxidation 
state) presented above.  
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Conclusion and Future Work 
 
 In this study, we examined the chemical changes of three BBOA filter samples due to 
photolysis at a long timescale of up to 3.5 days. The sample particles investigated are derived 
from three types of biomass fuels: chaparral (chamise), Englemann spruce, and dung, and belong 
to three different BBOA particle classes characterized by different [OA]/[BC] ratio ranges. Two 
analytical techniques: ATR-FTIR and Offline-AMS, were applied to the samples. We found that 
when photochemically aged, the BBOA samples get oxidized and experience varied level of 
increase in oxidation state (OS$%%%%%), probably by producing organic acids/esters. The level of 
oxidation may be affected by the fuel type. The nitro groups (NO2) in the samples are lost 
consistently with in 1.5 days of photolysis, which is equivalent to ~12 hours of ambient solar 
irradiation. The relative intensity of a peak thought to correspond to levoglucosan, a tracer 
species of BBOA, is observed to decrease due to photolysis alone for the first time. Varied rates 
of its degradation in different samples may indicate that the species experienced varied lifetimes 
in the atmosphere. We did not observe a major change in the intensity of nitrogen-containing 
fragments. In our future studies, we will examine the acetonitrile extracts of our samples, 
investigate the corresponding on-line AMS data set, or apply other analytical methods in order to 
support this observation. 
 
 Some unique characteristics for each individual sample are also observed. The dung 
sample is much richer in hydrocarbons than the two other samples. Though this feature is not 
obvious in the AMS spectra of its aqueous extracts, our preliminary investigation on the 
acetonitrile extracts has demonstrated its richness in organics. Investigating the ACN extracts is 
therefore necessary to get a full picture of the samples’ chemical composition. The Engelmann 
spruce sample has a slow rate of oxidation, while the two other sample have a much faster one, 
suggesting that the Englemann spruce sample contains more OA materials that are able to 
photolyze and oxidize, possibly with slower photolysis rates. However, it is necessary to be 
cautious of the uncertainties in the fitting of oxidation rate due to the varying volatility and water 
solubility of the formed secondary products. In future studies, in order to include the partially 
volatile products that may lose through evaporation into our analysis, we may preserve a dark 
filter piece that stays frozen until analysis or restrict amount of air flushing in the photolysis box. 
An interesting feature observed for the chaparral sample is the seeming presence and formation 
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of sulphone group products, which has not been reported in previous studies on aging BBOA 
systems. Future analysis of the ACN extracts will help identification of this species, if it is found 
to decrease in intensity in the extract. 
 
In order to determine whether those individual features can apply to all samples in their 
particle classes and draw more general conclusions, we shall investigate more samples of each 
particle class. We also expect to apply more analytical methods to the sample extracts. Example 
methods include UV-Vis Spectroscopy (UV-Vis) and ultra-high resolution mass spectrometry 
(UHR-MS). UV-Vis can measure the sample extract’s absorptivity in the visible range. Recall 
that the absorptivity of BBOA is related to its warming effect on the climate. This method can be 
used to investigate how photolysis would affect the absorptivity and change the chromophores (a 
part of a compound that is responsible for its color, and therefore its absorption in the visible 
range) of the sample materials, determining whether the samples will become more absorptive 
(browned) or less (photobleached).29 The UHR-MS, marked by its soft ionization method, and 
remarkable resolution and mass range, is able to provide detailed molecular information on the 
sample organics, such as the molecular formula and structure of the compounds. Moreover, when 
coupling UHR-MS data with OS$%%%%% information, we may be able to make speculations about the 
mechanisms of the photochemical transformations of the sample BBOA materials. Figure 13 
 
Figure 13. OS$%%%%%-nc space from Kroll et al. (2011) based on OS$%%%%% and nc measurements of OA. Darker 
green circles: locations of individual components of water-soluble organic compounds (WSOC),  
Lighter green ovals: locations of different organic aerosol classes. HOA: primary hydrocarbon-like 
organic aerosol, BBOA: primary biomass burning organic aerosol, SV-OOA and LV-OOA: Semi- and 
low-volatility oxidized organic aerosol, corresponding to “fresh” and “aged” secondary organic aerosol 
(SOA). 
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shows a OS$%%%%%-nc space, which plots number of carbon atoms (nc, can be measured by UHR-MS) 
against carbon oxidation states (OS$%%%%%) for organic species in OA, and the locations of various type 
of OA in this space, extracted from the publication of Kroll et al. (2011).26 Many atmospheric 
oxidative reactions that happen to OA systems can be defined by the changes in OS$%%%%% and nc of the 
organic species, i.e. the movement in the OS$%%%%%-nc space. 26 
 
 Another topic we found interesting to explore is the potential influence of black carbon 
(BC), or soot, on the chemistry of the BBOA mixture. During the sample preparation processes, 
we notice that the chaparral sample mixture contained a rich amount of soot, characterized by its 
blackish color, and some other samples of particle class 1 or 2 also shared this characteristic. 
Although we expected to see some of the BC’s influence on the FTIR spectra, such influence 
was not obvious. The internal mixing state between OA and BC has been found to correlate with 
the mass absorptivity of the BBOA mixture,17 but how the mixing would affect the chemical 
evolution of BBOA is still unclear. One study has shown that soot particles that get oxidized by 
ozone (O3) in aqueous environment can produce water-soluble humic-like substances (HULIS), 
which is an important component of atmospheric BrC.30 We are therefore curious about how the 
properties of soot particles would change due to photolysis, and thereby alter the properties of 
the BBOA. 
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